SO 2 scavenging and self-reaction of CH 2 OO were utilized for the decay of CH 2 OO to extract the absorption spectrum of CH 2 OO in bulk conditions. Absolute absorption cross sections of CH 2 OO at 308.4 and 351.8 nm were obtained from laser-depletion measurements in a jet-cooled molecular beam. The peak cross section is (1.23±0.18)x10
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Accepted Manuscript www.rsc.org/pccp PCCP Ozonolysis is a major removal mechanism in the troposphere for unsaturated hydrocarbons which are emitted in large quantities from both natural and human sources. Now it is generally accepted that ozonolysis of alkenes proceeds via Criegee intermediates, highly reactive species postulated in 1949 by Rudolf Criegee. 1, 2 In the troposphere, Criegee intermediates are involved in several important atmospheric reactions, 3 including reactions with SO 2 and NO 2 , 4, 5, 6, 7 or can be photolyzed by near UV light, 7, 8, 9, 10 as shown for CH 2 The formation of SO 3 and NO 3 , as in (R2) and (R3), plays an important role in atmospheric chemistry, 11, 12 including aerosol and cloud formation. Because CH 2 OO absorbs strongly at wavelengths longer than 300 nm, 79 tropospheric photolysis of CH 2 OO would be quite efficient with an effective photolysis lifetime on the order of 1 second. 8 As a result, the OH formation of (R4)(R5) may contribute significantly to the atmospheric OH concentrations.
Despite their importance, the direct detection of Criegee intermediates was not realized until recently. 4, 13 Welz et al. 4 reported an efficient way to prepare Criegee intermediates. For example, CH 2 OO can be prepared via (R6)(R7a). Other isomers like dioxirane and formic acid are excluded due to their different ionization energies. At low pressure, the yield of (R7a) is close to unity, 14, 15 while the adduct formation (R7b) may dominate at near atmospheric pressures.
14
The kinetics of CH 2 OO reactions with SO 2 and NO 2 were investigated by Welz et al. 4 and by Stone et al. 5 by observing the disappearance of CH 2 OO and by detecting the H 2 CO products, respectively.
The rate coefficients of these reactions were found to be unexpectedly rapid and imply a substantially greater role of Criegee intermediates in models of tropospheric sulfate and nitrate chemistry. 8 recorded the UV spectrum of CH 2 OO through observing its depletion in a molecular beam upon laser irradiation (an action spectrum). Based on their laser pulse energy and spot size, Beames et al. 8 roughly estimated the peak absorption cross section to be 5x10 photoproduct arising from UV excitation of CH 2 OO in the 300365 nm range. From the observed anisotropic angular distribution (0.97), the authors concluded that the orientation of the transition dipole moment reflects the * character of the electronic transition associated with the COO group. The significant anisotropy of the photofragments also indicates the dissociation is faster than rotation.
Su et al. 16 reported an infrared (IR) absorption spectrum of CH 2 OO. By comparing their experimental results with high-level ab initio calculations, the authors concluded that the observed vibrational frequencies are more consistent with a zwitterion structure rather than a diradical structure. With IR detection, the same group 17 found the self-reaction of CH 2 OO is extremely fast, with a rate coefficient of (4 2)10 However, the measurement of the photoproduct anisotropy 10 indicates the photodissociation is faster than rotation which is in the picosecond time scale. Thus, the slower fluorescence process cannot compete with the fast dissociation. Furthermore, there is no theoretical evidence for the nonradiative processes. To investigate the source of this difference, we re-investigate the UV spectrum of CH 2 OO with two new methods. 19, 20 See ESI for the experimental details. Figure 1a shows examples of the transient absorption spectra. In Figure 1a the most significant feature is a strong and broad absorption band peaked at ~340 nm which showed up quickly upon 14, 15 it is most reasonable to assign the spectral carrier to CH 2 OO (see below for discussion on the pressure dependence). If another absorbing species contributes significantly to these spectra, this species must exhibit kinetic We utilized this kinetic signature of CH 2 OO to examine the spectral carrier of band A. As shown in Figure 1c , it is clear that the intensity of band A decreases at higher SO 2 concentrations. Because the absorption cross sections of SO 2 , H 2 CO and SO 3 in the 316450 nm range are much smaller (< 1x10 5, 7, 14, 15 Therefore the number density of CH 2 OO can be estimated based on the published quantum yield of (R7a) ( CH2OO = 86% at 11 torr).
14 From the estimated number density and the observed absorbance of CH 2 OO, its absolute peak cross section can be deduced to be
at 340 nm. The overall error bar is estimated to be ±20% mostly due to the uncertainty in  CH2OO . 14, 15 See ESI for details.
In Figure 2a we can see that the shape of band A does not depend on the total pressure in the range of 8100 torr. This observation excludes the contribution of ICH 2 OO because its formation is a termolecular process which has strong pressure dependence. 14, 15 At higher pressures (100 torr < P < 760 torr), the yield of CH 2 OO was found to decrease with pressure (see Table S1 for a typical example) and an additional (weaker) absorption band was observed at < 290 nm, indicating formation of a new species (likely ICH 2 OO).
21,22
The absorption of ICH 2 OO seems much weaker than that of CH 2 OO, such that the change in spectral shape (not including the yield) with pressure is not very obvious.
The IO peaks are absent in short delay times while the absorption of CH 2 OO is very significant, indicating IO is not a primary product. Based on our signal-to-noise ratio, we further constrain the primary IO yield to be less than 1%, resolving some debate among published results. 23, 24, 25, 26 The formation of IO is likely due to (R8). Detailed kinetic analysis is beyond the scope of this paper and will be published elsewhere. To further quantify the absolute value of the absorption cross section of CH 2 OO, we measured the depletion of CH 2 OO in a molecular beam upon laser irradiation at 308.4 and 351.8 nm. CH 2 OO was detected with a quadrupole mass spectrometer equipped with an electron impact ionizer. This method 27, 28, 29 has been demonstrated to be efficient in determining the photodissociation cross section of a species in a mixture without knowledge of its concentration. Under our experimental conditions, the number of molecules N after laser irradiation can be described by eqn (1). is the corresponding saturation curve. A nice fit of eqn (1) The actual cross section at 351.8 nm would be smaller for CH 2 I 2 in a jet-cooled molecular beam.
 
With the absolute cross sections of CH 2 OO (Table 1) , we may set the spectra of Figure 2 on the absolute scale. However, we need to consider the temperature effect of the absorption cross sections because the temperature of the molecular beam is lower than room temperature. Since the cross section of CH 2 I 2 at 308.4 nm does not change with temperature, 33, 34 we can use the near-room-temperature value for the cross section of CH 2 I 2 in a molecular beam. The UV absorption band of CH 2 OO can be assigned to the intense X B  transition 8, 22 which is analogous to the Hartley band of O 3 . The cross section of the O 3 Hartley band has a quite weak temperature dependence. 18, 35 The peak cross section (at 254 nm) of O 3 increases by ~1.5% when the temperature decreases from 293 K to 203 K. For the main region of the Hartley band (215288nm,
, the temperature effect is within 5% (203-293 K). 18, 35 Similarly, it is expected that the temperature dependence of the CH 2 OO cross sections is weak near the peak. Therefore, we choose the cross section at 308.4 nm to scale the average spectra of Figure 2 and to plot the scaled spectra in Figure 4 . We believe the SO 2 scavenging method would give a more reliable spectrum of CH 2 OO (see Table S3 for numerical values) while the result of the self-reaction method is very similar. The peak value of the scaled spectrum is (1.23±0.18)x10 17 cm 2 at 340 nm. We assume an error bar of ±15% to include possible variations due to the temperature effect. This value is consistent with the peak cross section of (1.26±0.25)x10 22 or rotational contours at room temperature. For the O 3 Huggins band, the widths of the vibrational peaks become narrower at low temperatures. 18, 35 It will be interesting to see how the peak structures change at lower temperatures for CH 2 OO.
In summary, more accurate UV absorption cross sections of the simplest Criegee intermediate CH 2 OO are reported. The peak cross section is determined to be (1.23±0.18)x10 17 cm 2 at 340 nm. This value is significantly smaller than previous reports, 7, 8 implying slower photolysis rates in the atmosphere than previously expected. Nonetheless, this intense absorption band of CH 2 OO overlaps well with the incoming solar spectrum, resulting in efficient photolysis for this Criegee intermediate.
The clear vibrational structures on the long-wavelength side of the CH 2 OO spectrum provide a fingerprint feature for spectroscopic identification of this elusive intermediate.
